A high-resolution phylogenetic analysis of Nitrobacter strains and their neighbours was made using the rrs-rrl intergenic spacer sequence and the hypervariable part of the rrl gene. The phylogenetic tree obtained was consistent with that which was obtained previously but was much more discriminating, permitting the design of genus-specific primers.
Nitrobacter is a key microbial group in terms of nitrate production, which affects both soil fertility and water pollution. Nitrobacter is the only NO − # -oxidizing genus isolated from soil and freshwater (Watson et al., 1989) . It belongs to the α-subclass of the Proteobacteria. Four species are mentioned in the literature : Nitrobacter winogradskyi, which has standing in nomenclature, ' Nitrobacter hamburgensis ' (Bock et al., 1983) and ' Nitrobacter vulgaris ' (Bock et al., 1990) , which are commonly considered as species (Navarro et al., 1992a) , and the recently described ' Nitrobacter alkalicus ' (Sorokin et al., 1998) . The other NO − # -oxidizing bacteria, members of the genera Nitrospira, Nitrospina and Nitrococcus, are commonly found in seawater and were shown to be phylogenetically very distant from members of the genus Nitrobacter since they belong to other subclasses of the Proteobacteria (Teske et al., 1994) . Because of these traits, it is of interest to study the phylogeny of this group in more detail. Moreover, the ecological importance of nitrate production by NO − # -oxidizers calls for molecular tools such as PCR primers and probes that can be routinely used in ecological studies. It was decided to pursue both goals by using a relevant DNA sequence.
A phylogenetic analysis (Orso et al., 1994 ) based on rrs sequences has shown that the genus Nitrobacter is particularly consistent, there being 99 % similarity between the three sequences studied (which encom- passed two of the three species described at the time). They are very closely related to Bradyrhizobium japonicum and Rhodopseudomonas palustris, in the α-subclass of the Proteobacteria : B. japonicum has 21-26 differences in the rrs compared to Nitrobacter spp., corresponding to 98n1-98n5 % similarity. B. japonicum and R. palustris are prevalent in certain soils and thus may constitute false positives. Such close relatedness is an important shortcoming for ecological studies in soil. In fact, it has become increasingly clear that complex environments comprise thousands of uncharacterized bacterial taxa and that amplification using universal primers yields new sequences (Stackebrandt et al., 1993) . Moreover, Normand & Chapelon (1997) showed that undescribed sequences were obtained when using a single genus-specific primer targeting the rrs gene, highlighting the need for two specific primers with several specific nucleotides at the 3h end for specific targeted PCRs in complex samples. Taken together, previous studies of the rrs region suggest that the discriminatory properties are too weak to be used successfully for the high-resolution phylogenetic analysis required for the genus Nitrobacter. There are, however, some alternatives in terms of phylogenetic analysis and probe and primer design. The rrs-rrl intergenic spacer sequence (IGS) is by far the most variable region of the ribosomal genes, especially for bacteria of the α-subclass of the Proteobacteria, in which its length varies from 800 to 1200 nt . It is at least twice as variable as the rrl gene and four times as variable as the rrs gene. It has been used for identification purposes in a number of bacteria (East & Collins, 1993 ; Honeycutt et al., 1995 ; Minnick et al., 1994 ; Rouvier et al., 1996 ; Riffard et al., 1998) . The rrs-rrl IGS region of members of the genus Nitrobacter has also been used profitably for the characterization of natural populations using PCR-RFLP analysis (Navarro et al., 1992b) and has been found to be highly discriminating, even between strains with rrs sequences differing by less than 15 positions (99 % similarity ; Orso et al., 1994) .
The rrl (23S) gene also has characteristics that make it an interesting target for phylogeny analysis and probe design. Not only is it significantly longer than the rrs gene (approx. 3000 nt instead of 1500 nt), it is also highly variable in the first quarter of the gene (Selenska-Pobell & Evguenieva-Hackenberg, 1995 ; Roller et al., 1992 ; Ho$ nerlage et al., 1994) ; the number of total sequences available for comparison has increased to more than 2500 (at February 2000).
The hypervariable regions of the rrs-rrl (16S-23S IGS) intergene and the 5h end of the rrl (23S rRNA gene) appeared appropriate (Selenska-Pobell & EvguenievaHackenberg, 1995) for improving the resolution of phylogenetic analysis of the genus Nitrobacter and for defining favourable regions for tool design. The potential discriminating properties of the region necessary to achieve both of these goals were evaluated ; sequencing was carried out in the context of phylogenetic analysis and probe design. Potential routine applications for Nitrobacter population studies on environmental samples were tested by using PCR-RFLP analysis of these regions and comparing the results with phylogenetic analysis of the same regions (to validate the more simple PCR-RFLP approach).
Six Nitrobacter strains were studied ( were grown at 28 mC in mineral medium with NO − # as the energy source (Schmidt & Belser, 1994) , except for ' N. hamburgensis ' strain X14 and ' N. vulgaris ' strain Z, which were grown according to Bock et al. (1983) and Bock et al. (1990) , respectively. B. japonicum cells were grown in YEM medium. The DNA of R. palustris was provided by A. Vermeglio (CEA, Cadarache, France).
Total DNA from pure cultures was extracted as described before (Navarro et al., 1992a) for amplification and sequencing. Double-stranded amplification was performed on the rrs-rrl IGS spacer and on the 5h part of the rrl gene by using a modification of the PCR procedure of Mullis & Faloona (1997) . The set of primers (the positions of which are indicated in Fig. 1 ) used for amplification of the IGS spacer comprised FGPS1490-72 (5h-TGCGGCTGGATCCCC-TCCTT-3h ) and either FGPL50h-73 (5h-ATCGGCT-CGAGGTGCCAAGGGATCCA-3h ) or FGPL132h-38 (5h-CCGGGTTTCCCCATTCGG-3h ). The set of High-resolution phylogeny of Nitrobacter primers used for amplification of the 5h part of the 23S gene comprised FGPL43-544 (5h-AGAGGCGAT-GAAGGACGT-3h ) and FGPL580h-545 (5h-ACCTT-TCCCTCACGGTCAT-3h ). The PCR reactions were carried out in a final volume of 50 µl containing template DNA, reaction buffer [10 mM Tris\HCl (pH 8n3), 1n5 mM MgCl # , 50 µM KCl and 10 % (w\v) gelatin], 200 µM of each dNTP, 0n5 µM oligomers and 2 U TaqI DNA polymerase (Gibco-BRL). The amplification reactions were carried out for 35 cycles as follows : denaturation of DNA at 95 mC for 1 min, annealing for 1 min at 52, 55 or 58 mC and extension at 72 mC for 2 min. To analyse the amplification products, 5 µl reaction mix was separated by electrophoresis on a 2% (w\v) NuSieve (FMC) agarose gel. The Nitrobacter-specific PCR was performed with primers FGPI149-457 (5h-CGGCGCTTGTGCTCA-3h) and FGPL420h-458 (5h-CCTGACAGGTTCTGG-3h ). The rrs-rrl IGS and rrl amplicons (obtained with primers FGPS1490-72\FGPL50h-73 and FGPL143-544\FGPL580h-545, respectively) were sequenced according to Sanger et al. (1977) using the dideoxy chain-termination sequencing procedure and the amplification primers. The sequences were deposited in the EMBL sequence database (Table 1) . GenBank was scanned for related sequences by using the algorithm  and the closely related B. japonicum (strain USDA 110) sequence (accession no. Z35330) found was included in the following analyses. Sequences were aligned using   (Thompson et al., 1997) and indel-containing regions were excluded from the analyses. Matrix pairwise comparisons were corrected for multiple base substitutions by the twoparameter method of Kimura (1980) . Phylogenetic trees were constructed by using the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981 ) and parsimony (Kluge & Farris, 1969) methods. A bootstrap confidence analysis was performed on 1000 replicates to determine the reliability of the distance-tree topologies obtained (Felsenstein, 1985) . Graphic representations of the resulting trees were produced using  (Perrie ' re & Gouy, 1996) and I (Galtier et al., 1996) software. The resulting amplicons of the region comprising part of the rrs-rrl IGS and part of rrl obtained with Nitrobacter-specific primers FGPI149-457 and FGPL420h-458 were restricted with restriction enzymes NlaIII, MseI, AciII, Cac81, Sau3aI, Hinf I and MspI according to the manufacturer's instructions (Boehringer). The digested fragments were electrophoresed in 2n5% (w\v) Metaphor agarose (FMC) with TBE buffer for 3 h at 30 V cm −" . The photographs, taken at 300 nm, were scanned and the bands sizes determined and compared.
Intergenic spacer sequences
The six Nitrobacter strains and R. palustris (Table 1) yielded abundant 700 nt amplicons. In the case of R. palustris, the amplicon obtained with primers FGPS1490-72 and FGPL50h-73 was only 300 nt long and its sequence indicated that it was not homologous to the other IGSs. Only when primer FGPL50h-73 was replaced by primer FGPL132h-38 was an amplicon of the correct length obtained (Fig. 1) . The sequence of R. palustris was examined at the target site for primer FGP50h-73, and, as expected, one mismatch was present at the 3h part which was not the case in the B. japonicum and N. winogradskyi strain ' agilis ' sequences. The putative isoleucine and alanine tRNAs at coordinates 278-355 and 389-464 were found to be conserved in all sequences examined.
The rrl gene sequences
The rrl alignment is convincing except in the hypervariable part of the rrl gene at coordinates 992-1060 (the coordinates of B. japonicum strain USDA110 ; accession no. Z35330).
Distances
The distances calculated for the IGS and the rrl gene are given in Table 2 . The mean genetic distance between IGS sequences is 0n133 substitutions per site (s\s), which is an underestimation given the fact that only positions without gaps are considered, and 0n047 s\s when only Nitrobacter sequences are considered. Those distances are much lower in the rrl gene (0n041 s\s; 0n022 s\s when only Nitrobacter sequences are considered).
Phylogenetic analysis
Phylogenetic trees derived from these sequences were in good agreement, irrespective of whether the rrl gene or the IGSs were used (not shown). Thus, both sets of data were pooled to derive a unique tree (Fig. 2) . ' N. hamburgensis ' strain X14 was at an intermediate position between B. japonicum and the other Nitrobacter spp. N. winogradskyi was consistently closer to N. winogradskyi strain ' agilis ' and the ' Nitrobacter sp. ' strain DE30 (Navarro et al., 1992a) isolate, whereas ' Nitrobacter sp. ' strain LL, described as a putative genomic species by Navarro et al. (1992a) , was closer to ' N. vulgaris ' strain Z. Bootstrap results and parsimony and maximum-likelihood analyses all concurred in grouping together all of the Nitrobacter sequences.
Furthermore, ' Nitrobacter sp. ' strain LL was suggested as a genomic species (Navarro et al., 1992a) , although this could not be determined by DNA-DNA hybridization against ' N. vulgaris ' strain Z. These strains were both very closely related at the level of rDNA sequences. The DNA-DNA homology (%) determined in a previous study on N. winogradskyi, ' Nitrobacter sp. ' strain LL, N. winogradskyi strain ' agilis ', ' Nitrobacter sp. ' strain DE30 (Navarro et al., 1992a) and ' N. hamburgensis ' strain X14 and the identity (%) in the hypervariable ribosomal regions obtained in the present work were highly correlated Table 2 . Distances (in substitutions/site, s/s) in the IGS (above the diagonal) and in the rrl gene (below the diagonal) calculated with the no-gap option and according to Kimura (1980) (r# l 0n82, P 0n01). The three strains N. winogradkyi, N. winogradkyi strain ' agilis ' and ' Nitrobacter sp. ' strain DE30 which belong to the same genomic species (Navarro et al., 1992a) had identity levels of between 95n6 and 97n6 %. The 97n4 % identity that was obtained between ' Nitrobacter sp. ' strain LL and ' N. vulgaris ' strain Z showed that they presumably belong to the same species, confirming the existence of four species : N. winogradskyi, 'N. vulgaris ', ' N. hamburgensis ' and ' N. alkalicus ' (Bock et al., 1990 ; Navarro et al., 1992a ; Sorokin et al., 1998) . In addition, ' N. hamburgensis ' strain X14 and ' N. vulgaris ' strain Z, both of which share the ability to grow heterotrophically (Bock et al., 1983 (Bock et al., , 1990 , were less related to one another than ' N. vulgaris ' strain Z and ' Nitrobacter sp. ' strain LL (Fig. 2) , which is mostly lithotrophic (Gay et al., 1983) . Thus, bacteria that are mostly lithotrophic with little heterotrophic capability and bacteria with a strong heterotrophic capability can be found in the same species. This observation also indicates that heterotrophy has not been a meaningful evolutionary step. Furthermore, the present study confirms the results of our previous study, based on the 16S gene, which showed that ' N. hamburgensis ' strain X14 diverged early from the Bradyrhizobium-Rhodopseudomonas-Nitrobacter ancestor.
The evolution of the rrs-rrl IGS and the rrl sequence appears to have been rapid and composed of both substitutions and insertion\deletion events, which may obscure distant relationships but nevertheless permit discrimination and phylogenetic studies of closely related strains, a task impossible otherwise in the dense Bradyrhizobium-Rhodopseudomonas-Nitrobacter line of descent. All these factors point to that region as the most appropriate for the design of specific primers, especially in the study of bacteria of the α-subclass of the Proteobacteria. Fig. 3 . Relationship between total DNA-DNA homology (%) among Nitrobacter species (Navarro et al., 1992a) and identity (%) derived from PCR-RFLP analysis and sequence analysis of amplicons obtained with Nitrobacter-specific primers. , DNA-DNA versus RFLP (r 2 l 0n78) ; 4, DNA-DNA versus sequences (r 2 l 0n89).
Specific primers
Predictions of primer specificity are hard to make : even though more than 19 800 ribosomal sequences have already been deposited in DNA sequence databases, several others remain unknown. Most of the studies that target the soil or other such complex environments with universal rrs primers have yielded new sequences (Borneman et al., 1996 ; Jurgens et al., 1997 ; Stackebrandt et al., 1993 ; Ward et al., 1990 ; Wise et al., 1997) . Specific primers can only be designed relative to the sequences known at the time and should be checked regularly against new sequences. Thus, primer specificity can only be thought of as a dialectic dynamic process with successive rounds of improvement.
The alignment of the rrs-rrl IGS and rrl region was used to design genus-specific primers. The most discriminating sequences had three nucleotides that were conserved for all Nitrobacter spp. but different from B. japonicum and R. palustris sequences ; one was found in the IGS and one was in the rrl gene. The resulting primers with the three nucleotides at the 3h part of the target, designated as FGPI149-457 and FGPL420h-458, were then tested on DNA from Nitrobacter pure cultures at the temperature calculated for annealing (52 mC) and at 56, 58 and 60 mC, to improve stringency. japonicum GMB1) (references are given in Table 1 ). A weak amplicon was obtained from B. japonicum G49 at 52 mC only. Furthermore, these primers were compared with GenBank by using  software and no similar sequences could be found. Thus the primers FGPI149-457 and FGPL420h-458 can be defined as Nitrobacter-specific.
PCR-RFLP analysis
RFLP analysis was performed on amplicons obtained with primers FGPI149-457 and FGPL420h-458 on Nitrobacter pure cultures, yielding patterns made up of from three to six bands larger than 90 nt (the resolution threshold of Metaphor gels). The set of seven enzymes used allowed the construction of a tree (not shown) similar to that which was obtained by sequence analysis. The comparison of DNA-DNA homology (Navarro et al., 1992a) and similarity levels obtained with RFLP analysis yielded a high correlation coefficient value (r# l 0n78, P 0n01) (Fig. 3) , as did the correlation between RFLP-analysis-derived similarity and sequence similarity levels (r# l 0n81). Thus, PCR-RFLP analysis of this region seems to be a valid, discriminating tool suitable for routine use with Nitrobacter isolates and complex samples.
The rrs-rrl IGS and the contiguous rrl area of the ubiquitous ribosomal region were found to be highly discriminating even between strains with rrs sequences differing by less than 15 positions ( 99 % similarity) (Orso et al., 1994) , permitting high-resolution phylogenetic analysis and specific tool design for monitoring the genus Nitrobacter and for diversity analysis. One of the aims of microbial ecology is to clarify how bacterial populations fluctuate in response to environmental factors ; this requires a fast, cheap, discriminating and reliable method for strain identification. PCR-RFLP analysis of this region, using the two specific primers that have been defined and tested, meets these criteria and has potential in the design of specific probes.
